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Introduction
============

It has been known for decades that extended defects exert an influence on the electronic structure of semiconductor materials^1-3^. The effect of extended defects on the performance of electronic devices and other applications such as sensors and solar-cell materials is under extensive experimental and theoretical investigation. Nevertheless, there is no generally accepted theory for the calculation of the electronic states of semiconductors in the presence of extended defects. This is due to the complexity of electronic structure calculations in the case of deviations from the ideal crystal lattice and also to the large diversity regarding the types and configuration of extended defects, as well as the possible combinations among them and with 0-dim intrinsic and extrinsic defects.

The main types of extended defects are dislocations (1-dimensional defects) and grain boundaries (2-dimensional defects). In the following, we concentrate on both of these types of extended defects in terms of the experiments that can be performed in the scanning electron microscope (SEM). The experimental methods presented here give information about structural, optical and electrical properties of extended defects and, therefore, indirect knowledge of the electronic states in semiconductor materials containing extended defects. The control of the defect-related electronic states is a central issue for the application of semiconductors and the operation of semiconductor devices.

For the structural investigation of extended defects, the electron backscatter diffraction (EBSD) technique can be applied. Usually, an EBSD measurement is performed by point mapping with a stationary electron beam at each point. EBSD then yields information about the crystallographic orientation of the crystal lattice of the sample in the case of single-crystalline material and of the grains in polycrystalline materials. For that purpose the experimentally determined diffraction patterns formed by the Kikuchi bands have to be analyzed by comparison with simulated patterns determined from the crystal space group of the material. If the software for the evaluation of the orientation data is able to calculate the misorientation angle between the crystallographic coordinate systems of neighboring mapping points, the type of grain boundary between them can be determined. If the misorientation angle is smaller than 15°, a low angle grain boundary (LAGB) is present; otherwise it is a high angle grain boundary (HAGB). The type of HAGB is characterized by its Σ value where Σ^-1^ is the fraction of lattice points lying on a coincidence lattice. So, Σ = 3 stands for the highly symmetric twin boundary^4^. If the EBSD mapping on two planes of the sample surface can be measured with an accurate knowledge of the positions of the mappings, the type of the grain boundary plane with Miller indices *hkl* can also be evaluated by a method proposed by Randle^5^.

Recently, a new procedure for the evaluation of the electron diffraction pattern was derived by Wilkinson *et al.*^6^ which allows the calculation of all components of the complete local strain tensor, *i.e*., absolute values of the three normal strain and the three shear strain components. This calculation is performed for each measuring point in a mapping from the corresponding diffraction pattern with respect to a reference pattern taken on an unstrained crystal region with the same crystallographic orientation. This evaluation procedure is based on the determination of small shifts of characteristic features of the EBSD pattern using the cross-correlation technique which gives the name ccEBSD. Relative to a chosen reference point, the strain components and lattice rotations can be measured with precisions of 10^-4^ and 0.006°, respectively^7^. Applying ccEBSD measurements in line scans across grain boundaries, or along arrangements of dislocations, one can determine locally the amount as well as the range of the strain fields of these extended defects.

The optical properties of dislocations and grain boundaries can be investigated by spectral and imaging cathodoluminescence (CL) techniques. The luminescence signal is caused by the radiative recombination of electron-hole pairs which are generated in the semiconductor material by the primary electron beam of the SEM. The intensity of the luminescence is proportional to the radiative recombination efficiency which is the ratio of the total minority carrier life time to the radiative recombination time. When this ratio is influenced locally by defects, a contrast in the luminescence distribution can be observed in the CL images. Normally, extended defects act as non-radiative recombination centers and, therefore, the luminescence from band-band-recombination is decreased in the vicinity of extended defects in comparison to the undisturbed semiconductor. However, in the case of Si, Ge and some compound semiconductor materials, at dislocations as well as on grain boundaries, characteristic luminescence bands are observed showing photon energies lower than that of the (direct or non-direct) band-to-band recombination in the bulk material^8-10^. As an example, extensive CL investigations of bonded silicon wafers and of multi-crystalline silicon by Sekiguchi and co-workers^11-13^ revealed that dislocations and LAGBs are responsible for the occurrence of shallow and deep levels in the band gap. The corresponding radiative transitions are denoted as D lines in the CL spectra. Nevertheless, the role of the strain field accompanying arrangements of dislocations and of dislocation contamination by oxygen precipitation and transition metal impurities is still controversial for the interpretation of the D line luminescence. But, if an assignment of the energy position of the luminescence line to a distinct extended defect can be successfully made, then the occurrence of this specific line in the luminescence spectrum can be taken as a signal for the presence of this defect. To increase the luminescence intensity, *i.e*., the radiative recombination in relation to the non-radiative one, CL investigations have to be performed at low temperatures (cryo-CL) for semiconductor materials with indirect band structures.

The electrical properties of the extended defects considered here are characterized by imaging the electron beam induced current (EBIC) in the SEM. This current can be observed when electron-hole pairs generated by the primary electron beam are separated by a built-in electric field. This field can be generated by the electric potential of the extended defects themselves or by Schottky contacts on the sample surface. The EBIC image contrast results from local variations of the charge-collection efficiency due to a varying recombination behavior at electrically active defects. The extended defects usually show an increased carrier recombination so that they appear darker in an EBIC image than defect free regions. In the framework of physically based models of defects^14^, a quantitative evaluation of the spatial dependence of the EBIC signal, which is called contrast profile, enables the determination of the minority carrier diffusion length and lifetime as well as the surface recombination velocity. Because these parameters are dependent on temperature, EBIC investigations should also be performed at low temperature (cryo-EBIC) to obtain an enhanced signal to noise ratio. Alternatively, temperature dependent EBIC measurements enable the determination of the concentration of deep level impurities at dislocations according to a model which was proposed by Kittler and co-workers^15,16^.

It should be noted that the optical and electrical properties of extended defects in semiconductors can be influenced significantly by contamination and by 0-dim intrinsic defects^17^ which cannot be resolved by scanning electron microscopy. However, the combination of the experimental methods, ccEBSD, CL and EBIC, offers the chance to visualize the extended defects and to quantify their fundamental properties in the SEM. For future applications, where not only failure analysis, but also defect control and defect engineering are intended, this powerful tool will play an important role in the improvement of the performance of semiconductor devices.

Protocol
========

1. Sample Preparation for Cryo-CL Experiment
--------------------------------------------

1.  Use a bulk sample from semiconductor material (here: silicon) with a planar surface, a maximum surface area of 5 x 5 mm and thickness in the range between of 0.2 and 0.5 mm.

2.  Clean the sample and the sample holder with organic solvents such as ethanol or acetone. Remove the silicon oxide surface layer on the sample by a dip in a solution of hydrofluoric acid (40%) and de-ionized water in a ratio of 1:10 for 1 min. Flush the sample with de-ionized water.

3.  Mill a piece of indium wire mechanically to form an indium foil with a surface area corresponding to that of the sample and with a thickness of about 0.5 mm.

4.  Mount the 60°-pre-tilted sample holder on a metallic socket, put the indium foil on the sample holder and the sample on top.

5.  Place the socket onto a heating plate.

6.  Switch on the heating plate, control temperature of the socket with a thermometer and heat the socket up to 150 °C so that the melting process of the indium foil is imminent. Note: It is not necessary that the indium reaches the melting point at 157 °C but the foil should be ductile.

7.  Fix the sample on the indium foil by pressing on the sample with a wooden toothpick for 1 sec.

8.  Switch off the heating plate and cool down the whole system for about 30 min.

2. Sample Preparation for Cryo-EBIC Experiment
----------------------------------------------

1.  Use a bulk sample from semiconductor material (here: silicon) with a planar surface, a maximum surface area of 5 x 5 mm and thickness in the range between 0.2 and 0.5 mm.

2.  Clean the sample and the sample holder with organic solvents such as ethanol or acetone. Remove the silicon oxide surface layer on the sample by a dip in a solution of hydrofluoric acid (40%) and de-ionized water in a ratio of 1:10 for 1 min. Flush the sample with de-ionized water.

3.  Mount the sample into a metallizing system and evaporate metal (*e.g*., Al on p-type Si, Au on n-type Si) onto the upper surface of the sample to form a Schottky-contact.

4.  Deposit a droplet of fluid gallium-indium eutectic on the backside of the silicon sample and smear it over to produce an ohmic contact.

3. Sample Preparation for ccEBSD Experiments
--------------------------------------------

1.  Prepare a flat sample surface by applying a sequence of grinding and polishing steps with decreasing particle size of grinding and polishing agents (*e.g*., first diamond paste 3 µm on a sheet of paper, then diamond paste 1 µm, last polishing on a vibratory polisher with polishing suspension). Flush the sample with de-ionized water between each step.

2.  Finish the surface preparation by cleaning the sample in ethanol in an ultrasonic bath for 3 min.

3.  Fasten the sample to a metallic sample holder by mechanical fixation or by bonding on a two-sided adhesive carbon tab.

4. Performing Cryo-CL Experiment
--------------------------------

1.  Ensure the availability of cryogens as liquid nitrogen (LN) and liquid helium (LHe) for an experiment duration of 8 hr.

2.  Use the cryo-stage in the SEM.

3.  Insert the light-collecting elliptical mirror from parking position to measuring position into the SEM.

4.  Mount a test sample (here: bulk GaAs sample) with a direct band gap transition on the stage.

5.  Evacuate the SEM chamber until the column chamber valve opens. Set the SEM imaging parameters acceleration high voltage (HV) to 20 kV, the aperture size to 240 µm, the high current mode ON, the scan speed of the electron beam to 1, the magnification to 200 and the noise reduction to pixel average.

6.  Use the Everhart Thornley detector for imaging with secondary electrons. Move the stage towards the pole piece until the electron beam can be focused on the sample surface at a working distance (WD) of 15 mm.

7.  Run the start-up procedure of the CL detection system by switching on the power supply for the monochromator, the high-voltage power supply for photomultiplier tube (PMT), the PMT cooling system and the laptop with the CL control program. Start the CL control program and choose measurement of PMT signal vs. time.

8.  Set appropriate values for the contrast (maximum) and brightness (46%) of the PMT.

9.  Create a log file for recording the experiments.

10. Adjust the light-collecting mirror to maximize the integral CL intensity on the test sample by tilting and rotating the mirror. Record a CL test spectrum using the CL control program.

11. Vent the SEM chamber, remove the test sample, mount the actual sample on indium foil on the sample holder and evacuate the SEM chamber.

12. Link the outlet for cryogenic gases of the SEM with the inlet of a diaphragm pump by flexible vacuum tubes. Use centering rings with an o-ring as a sealing element and fix it with the clamping rings. Stabilize the system mechanically by integration of a damping weight in the hose coupling.

13. Connect the outlet of the diaphragm pump by a flexible vacuum tube to a He recirculation system if it is available. Use centering rings with an o-ring as a sealing element and fix it with clamping rings.

14. Connect the temperature sensor of the temperature control unit with the appropriate plug connector on the SEM stage. Switch on the power supply of the temperature control unit.

15. Assemble heating tape on the flexible vacuum tube next to the outlet for cryogenic gases of the SEM.

16. Wear protective glasses and protective gloves. Insert the tubing for the liquid He into the LHe Dewar. Connect the outlet of the He transfer tube with the inlet for cryogenic gases of the cryo-stage of the SEM.

17. Set the electron beam parameters HV to 20 kV, the aperture size to 240 µm, the high current mode ON, the scan speed of the electron beam to 1, the magnification to 200 and the noise reduction to pixel average.

18. Use the Everhart Thornley detector for imaging with secondary electrons. Move the stage towards the pole piece and focus the electron beam onto the sample surface at WD = 15 mm for the CL experiments.

19. Choose the area of interest on the sample surface and scan on the whole region during the entire cooling-down procedure. Ensure that during the entire CL experiment the surface of the sample in the region of interest is at WD = 15 mm by an appropriate positioning of the stage.

20. Start the cooling-down procedure by entering the lowest target temperature (*e.g*., 5 K) and appropriate parameters for the PID control into the temperature controller according to the technical manual. Open the valve of the LHe transfer tube.

21. Monitor the sample temperature, the He pressure from the diaphragm pump, and the integral CL signal output from the PMT during cooling-down procedure. Reduce the slit width of the monochromator if the CL intensity becomes too high at low temperatures to avoid damaging the PMT.

22. Increase the orifice of the LHe transfer tube if necessary to reach the target temperature.

23. Re-establish the WD = 15 mm for focused images after reaching the target temperature. Rectify the adjustment of the light-collecting mirror for maximum integral CL intensity on the actual sample.

24. Set appropriate values for the grating (300 lines per mm, blaze at 1,000 nm), spectral region (1,050 to 1,600 nm), step width (5 nm), time per measuring point (5 sec) and slit width (1 mm) for spectral CL measurements on the silicon sample. Record CL spectra of the sample using the CL control program and save them to the hard disk of the laptop.

25. Choose the planar mirror in the monochromator for panchromatic CL imaging and a blaze grating at particular wavelength for monochromatic CL imaging, respectively. Adjust the brightness and contrast values of the CL image in the linear range of the dependence of the grey values from the PMT signal.

26. Adjust appropriate image resolution (*e.g*., 1,024 x 768 pixels), scan speed and noise reduction method for CL imaging (*e.g*., for a magnification in the range between 200 and 1,000 the lowest scan speed 14 combined with pixel average, or higher scan speed 8 combined with line average over 20 lines). Record CL images with the SEM control program and save them to the hard disk of the computer.

27. Enter name and parameters of each spectrum and image measured during the whole measuring session into the log file.

28. Switch off the HV of the electron beam and close the SEM column chamber valve before changing the sample temperature by entering a higher target temperature into the temperature controller for temperature dependent CL investigations. Note: This is to avoid a shut-down of the electron gun by instabilities of the SEM chamber vacuum during heating-up.

29. Open the SEM column chamber valve and switch on the HV when the new target temperature is reached and the system vacuum in the SEM chamber is stable again.

30. Switch off the HV of the electron beam, close the SEM column chamber valve, close the shutter for the PMT, switch off the power supply and cooler of the PMT and run the warm-up procedure after finishing the planned CL measurements at low temperatures.

31. Remove the additional devices and tools which have been assembled for the cryo-CL experiment without opening the SEM chamber.

32. Leave the SEM chamber closed for at least 12 hr. Check to ensure that the temperature of the sample holder is at RT. Otherwise, heat up the sample holder to RT before opening the SEM chamber. Note: This is to prevent moisture in the SEM chamber.

33. Remove the sample from the stage and evacuate the SEM chamber.

5. Performing Cryo-EBIC Experiment
----------------------------------

1.  Ensure the availability of LHe for an experiment duration of 8 hr.

2.  Use the cryo-stage in the SEM.

3.  Ensure that a plate of mica is available with an evaporated Au layer on the top surface.

4.  Stack on the sample holder first the piece of mica with Au layer upward and then the actual sample on the mica with Schottky-contact upward. Put one contact tip on the Schottky-contact of the actual sample and the other one on the evaporated Au layer of the mica.

5.  Evacuate the SEM chamber until the column chamber valve opens. Set the appropriate values of the SEM imaging parameters HV, aperture size, scan speed, magnification and noise reduction.

6.  Switch on the sample current amplifier and choose the measurement range so that three decimal places of the specimen current are displayed.

7.  Create a log file for recording the experiments.

8.  Perform the steps 4.12 to 4.16 from the cryo-CL experiments.

9.  Set the appropriate values of the SEM parameters HV, aperture size, magnification, scan speed, and noise reduction method for the EBIC imaging (recommended range of parameters for EBIC imaging of grain boundaries are 10 to 20 kV for HV, 20 to 60 µm for aperture size, 30 to 1,000 for the magnification, 9 to 14 for scan speed, and pixel or frame averaging).

10. Use the sample current detector for EBIC imaging. Move the stage towards the pole piece and focus the electron beam for a WD in the range between 15 and 25 mm.

11. Choose the area of interest on the sample surface and scan on the whole region of interest during the entire cooling-down procedure.

12. Start the cooling-down procedure by entering the lowest target temperature (*e.g*., 200 K) and appropriate parameters for the PID control into the temperature controller according to the technical manual. Open the valve of the LHe transfer tube.

13. Monitor the sample temperature and the He pressure from the diaphragm pump during cooling-down.

14. Split the SEM screen and monitor the signal of secondary electrons from the Everart Thornley detector in parallel to the EBIC signal from the sample current detector to watch the variation of the images with temperature.

15. Re-adjust the SEM parameters HV, aperture size, magnification, scan speed, and noise reduction to get EBIC images of high contrast. Re-adjust also the measuring range of the specimen current amplifier to avoid display overflow at low temperatures.

16. Re-focus the electron beam after reaching the target temperature.

17. Record the EBIC images. Enter name and parameters of each image into the log file.

18. Switch off the HV of the electron beam and close the SEM column chamber valve before changing the sample temperature by entering a higher value of target temperature into the temperature controller for temperature dependent EBIC investigations. Open the SEM column chamber valve and switch on the HV when the new target temperature is reached and the system vacuum is stable again.

19. Switch off the HV of the electron beam, close the SEM column chamber valve and run the warm-up procedure after finishing the planned EBIC measurements at low temperatures.

20. Remove the additional devices and tools which have been assembled for the cryo-EBIC experiment without opening the SEM chamber.

21. Leave the SEM chamber closed for at least 12 hr. Check to insure the temperature of the sample holder is at RT. Otherwise, heat up the sample holder to RT before opening the SEM chamber.

22. Remove the sample from the stage and evacuate the SEM chamber.

6. Performing ccEBSD Experiments
--------------------------------

1.  Mount the sample within a small vice or on the pin of a sample holder that is pre-tilted in the range between 65° and 70° relative to the electron beam direction. Alternatively, place the sample on the 6 axis eucentric stage in the SEM and tilt the whole stage so that the sample surface normal and the electron beam direction are at an angle in the range between 65° and 70°. Ensure that the stage will not collide with the detectors and the chamber walls.

2.  Evacuate the SEM chamber until the column chamber valve opens. Set the appropriate values of the SEM imaging parameters HV (20 kV), aperture (120 µm), high current mode ON, scan speed (*e.g*., 5), magnification (*e.g*., 3,000) and noise reduction (pixel average).

3.  Focus the electron beam on the sample surface at WD in the range between 12 and 22 mm.

4.  Switch off the electron beam acceleration voltage and close the column chamber valve.

5.  Turn on the power supply for the EBSD detector. Move the EBSD detector from parking position to measuring position in the SEM chamber.

6.  Open the column chamber valve and switch on the electron beam acceleration voltage. Re-focus the electron beam on a region of interest on the sample surface.

7.  Open the EBSD control software and load the calibration file for the chosen WD.

8.  Set up the measurement in the EBSD control software according to the operating manual.

9.  Perform the background acquisition according to the EBSD operating manual.

10. Read out the position of the EBSD pattern center and the detector distance for the chosen WD from the EBSD control software.

11. Focus the electron beam in a region of the sample adjacent to the region of interest for the actual measurements. Leave the beam to scan there for about 1 hr for stabilization.

12. Check the amount of beam drift which must not exceed more than 1 µm during the whole EBSD measurement.

13. Navigate the electron beam to the region of interest and re-focus.

14. Schedule line scans parallel to the tilt axis in the region of interest. Use the beam mapping (not stage mapping) setting. Select appropriate values for the number of steps (*e.g*., 100), step size (*e.g*., 50 nm), exposure time (*e.g*., 43 msec), frame average (*e.g*., 10) and detector binning (*e.g*., 2 x 2).

15. Be sure to select \"save all images\". Disable indexing to speed up the measurement.

16. Run the line scans until the last scan is finished.

17. Switch off the electron beam acceleration voltage and close the column chamber valve.

18. Retract the EBSD detector from the measuring position to park position and turn off the EBSD control unit.

19. Vent the chamber, remove the sample and evacuate.

7. Analysis of the CL-data:
---------------------------

1.  Check the grating calibration by comparing the spectral positions of known spectral lines (*e.g.*, peaks of luminescence lines of the bulk and unstrained GaAs test sample with the data in the literature) and modify the wavelength calibration if necessary.

2.  Correct the recorded CL spectra (intensity vs. wavelength) with respect to the wavelength-dependent sensitivity of the optical system which consists of blaze grating and PMT by dividing the measured intensity by the corresponding sensitivity value at each measuring point.

3.  Extract the grey value of each pixel of a CL image and average the grey values for each region of interest in the image, at least on the scale of the electron interaction volume in the sample.

4.  Determine the CL intensity for the region of interest from a calibration curve of the averaged grey values of the CL images, depending on the CL intensity for given contrast and brightness values of the PMT.

5.  Evaluate the mean CL intensity *I*~CL~ of the whole CL image and the dark signal *I*~0~ of the CL detector.

6.  Calculate the contrast *C*~CL~ between bright and dark appearing regions in the CL image by the following equation:

8. Analysis of the EBIC-data:
-----------------------------

1.  Extract the grey value of each pixel of an EBIC image and average the grey values for each region of interest to quantify spatial variations of the EBIC intensity in terms of an EBIC contrast.

2.  Determine the EBIC contrast profile from the spatially resolved grey values due to C. Donolato and R.O. Bell^18^.

3.  Calculate the area and variance of the EBIC contrast profiles.

4.  Determine physical parameters such as the diffusion length and the surface recombination velocity of minority charge carriers from the calculated area and variance of the EBIC contrast profile according to the rules given by Donolato^14^.

9. Analysis of ccEBSD Experiments
---------------------------------

1.  Use the in-house written software \"ccEBSD\" programmed by Paul Chekhonin for the evaluation of the recorded EBSD patterns.

2.  Choose an appropriate EBSD pattern that will act as the reference pattern from a measuring point that should be located in a specimen area absent of strains.

3.  Apply at least 15 widely distributed regions of interest on the pattern.

4.  Use the coordinates of the pattern center and the detector distance which were determined by the EBSD control software for the further evaluation.

5.  Enter the rest of the parameters relevant for the evaluation, *i.e*., elastic constants of the analyzed material, number of steps in the line scan and step size, detector size and its resolution in pixels, detector and specimen tilt angles as well as the detector binning.

6.  Use a band pass filter during the calculation of the 2-dimensional Fourier transformation (inner filter of 6 pixels and outer filter of 40 pixels).

7.  Run the evaluation program.

8.  Read out the numerical results from the evaluation text file \"protocol.txt\" using a conventional spreadsheet program when the calculation is finished.

Representative Results
======================

The structural, electrical and optical properties of extended defects in a semiconductor material were studied by different experimental methods in the scanning electron microscope. Generally, it is possible to investigate these properties on the same sample, and with some efforts concerning the sample preparation, even on a distinct single defect like a grain boundary or a localized arrangement of dislocations. However, it should be noted that due to the specific interaction products of the primary electron beam with the semiconductor material used for the inspection of physical defect properties, the spatial resolution which can be achieved by CL, EBIC or ccEBSD investigations differs from each other. In **Figure 1**, schematic drawings are given for an appropriate set-up of the SEM suited for CL measurements at low temperatures (**Figure 1A**), the assembly for EBIC investigations (**Figure 1B**) as well as the layout of the main hardware elements necessary for (cc)EBSD tests (**Figure 1C**).

All the representative results given here are obtained for silicon as a showcase for a semiconductor material with indirect electronic band structure. This band structure impedes all luminescence measurements due to the low probability of radiative transitions in comparison to semiconductors with direct band gap structures. To realize sufficient luminescence intensity for statistically assured results is challenging. In the following, the experimental procedures are described for the investigation of dislocations induced by plastic deformation as well as by liquid phase re-crystallization in silicon single crystals. Additionally, investigations on a silicon bi-crystal with twin grain boundaries and a low-angle grain boundary are presented.

**Figure 2A** shows an example of the appropriate positioning of a sample on the indium foil to guarantee a good thermal contact to the cryo-sample holder in which the temperature is measured by the thermocouple. It was proven experimentally that for silicon, a sample thickness of about 200 to 500 µm is well suited for cryo-CL investigations at temperatures down to 5 K. The CL spectra given in **Figure 2B** were measured for a Si single crystal in the virgin state, after plastic deformation and after an additional annealing. The electron beam in the SEM was run at an electron beam acceleration voltage of 20 kV and a probe current of approximately 45 nA in the defocused scanning mode, which results in a high CL intensity due to electron-hole pair generation in a large volume (about (450 x 250 x 3) µm^3^) with moderate excitation density. In this scanning mode, the sample surface is actually on WD = 15 mm but electronically a WD = 0 is adjusted. For CL imaging, of course, the electron beam has to be focused which yields a spot diameter of the electron beam on the sample surface of a few nm but with the same penetration depth of some µm for the primary electrons as in the defocused scanning mode. The acquisition time per image with a store resolution of 1,024 x 768 pixels was about 10 min in pixel averaging mode at scan speed 14 of the electron beam. It was calculated and experimentally confirmed that for the defocused scanning mode the temperature of the sample region under investigation is increased no more than some 0.1 K by heat energy transfer due to the electron beam. In the focused mode, the local sample heating strongly depends on the thermal conductivity which in turn depends on the sample doping and the temperature itself^20^. For the float-zone grown Si sample, p-doped with Boron at a concentration of 10^15^ cm^-3^, in the focused scanning mode, a local temperature increase ∆T of about 2 K occurred at a cryostat temperature of 5 K, and of ∆T ≈ 0.3 K at 25 K.

To study the optical properties of dislocations, a bulk Si sample was subjected to a plastic deformation at a pressure of 16 MPa at 800 °C followed by a second deformation step at 295 MPa at 420 °C. The slip lines, shown in **Figure 2C** on the surface of a part of the deformed sample, are caused by dislocation glide processes on two different 111-oriented slip planes. The slip lines can be visualized by backscattered electrons (BSE). The slip lines indicate the traces of the lattices planes on which most of the dislocations are aligned. Monochromatic CL (mono-CL) images (**Figures 2D and 2E**) were acquired at energetic positions of the D4 and D3 luminescence bands and do not suffer significantly from the surface topography profile caused by slip lines. This was verified by CL investigations after a careful surface polishing which showed the same nearly unaltered luminescence stripe pattern as on the originally wavy sample surface, where the CL intensity stripe patterns are parallel to the slip plane traces. If it is planned to analyze the local distribution of the CL luminescence intensity quantitatively from the image, then the CL image has to be recorded in the linear range of the relation between CL signal and grey value. This relation can be determined experimentally by measuring the correlation between image grey value and absolute signal of the photomultiplier at given contrast and brightness values for the detector. On the contrary, if it is intended to visualize small variations of CL intensity on the sample surface, then for best results, a non-linear signal-to-grey value relation should be applied already during the imaging process in the SEM. The spatial resolution of a CL image on a bulk Si sample at low temperatures is determined by the size of the interaction volume of the primary electrons in the sample, because the size of this interaction volume is only marginally smaller than the volume for the radiative recombination of the electron-hole pairs^21^. The diameter of the interaction volume for a focused and stationary beam is about 3 µm under the given experimental conditions^22^.

The estimation of the strain field surrounding extended defects by ccEBSD requires the recording of Kikuchi patterns with sufficient quality even on highly strained sample regions. An example is given in **Figure 3A**. To get these patterns, the sample surface should be free of undesirable surface layers (oxides, carbon contamination, *etc*.). Good results can be achieved with the following experimental parameters: electron beam at 20 keV and 12 nA, tilt of sample surface normal between 60° and 70° to the incident beam at WD = 15 mm, 2 x 2 EBSD detector pixel binning which yields a resolution of 672 x 512 pixels, amplification gain of the signal set to high, exposure time between 20 and 43 msec per frame on the EBSD detector, averaging over five to ten frames per measuring point and storage of the Kikuchi pattern as images for each measuring point without indexing. The total acquisition time for one Kikuchi pattern can be estimated from the exposure time multiplied by the number of frames plus a few 10 msec due to the time necessary for beam shift, read out and storage. A value of 50 nm turned out experimentally to be a good minimum step size between two sample positions within the EBSD mapping. This is in agreement with recent theoretical considerations^23^ concerning the achievable resolution for electron diffraction contrast. To avoid beam drift during the EBSD mapping, it is recommended to wait at least 15 min with the beam scanning in the immediate neighborhood of the region of interest before running the map. It was found that only EBSD line scans parallel to the sample tilt axis provide realistic strain data with a reference pattern on the same line. Otherwise, a very careful determination of the actual sample tilt angle is needed, or alternatively the length of a line scan perpendicular to the tilt axis must be limited to a few µm.

The Kikuchi pattern stored as 8-bit JPEGs were evaluated by Fourier transformation (FT) and cross-correlation with a program \"ccEBSD\" written by one of the authors (PC). The program is based on the algorithm developed by Wilkinson et.al.^6^, described in detail in ref. 19. In the Kikuchi pattern, several (15 - 19) sub-patterns (128 x 128 pixels) have to be defined with characteristic features as bright band crossings (cf. **Figures 3A and 3B**). All sub-patterns have to be analyzed by FT. A band pass filter has to be applied to all of the FT images (inner radius 6 pixels for low frequencies, outer radius 40 pixels for higher frequencies) to set all values to zero outside the band pass filter in the Fourier space (cf. **Figure 3C**). Then the cross-correlation (cc) function (**Figure 3D**) has to be calculated between the FT of each sub-pattern with the respective FT of the sub-pattern (**Figures 3E and 3F**) from the reference Kikuchi pattern. From the positions of the peaks in the cc-functions (**Figure 3D**), the relative displacements of the sub-patterns can be determined. Using these displacements, the normal and shear strain components can be calculated. If the material dependent elastic constants are known, also the stress components can be determined. In the notation by Voigt, these constants are C~11~= 165.7 GPa, C~12~ = 63.9 GPa and C~44~= 79.9 GPa for Si with a cubic lattice^24^. The combination of the results from all sub-patterns of one Kikuchi pattern improves the accuracy of the strain evaluation. The statistical error determined from a ccEBSD line scan on a defect free region in a silicon single crystal is found to be 2 x 10^-4^ for all the strain tensor components. Nevertheless, to obtain quantitative results for the case of extended defects, the choice of a Kikuchi pattern as reference pattern is important. If, for example, the sample is completely covered by dislocations as shown in **Figure 2**, sophisticated procedures that are proposed by Jiang *et al.*^25^ could be applied to find out the appropriate reference pattern.

The situation for the use of ccEBSD is easier for a Si wafer (\[001\]-surface orientation) treated by a high-energy electron beam to induce a liquid phase re-crystallization (see **Figure 4**). Around the track of re-crystallization, slip lines are visible in the BSE image indicating a dislocation movement on slip planes with traces parallel to the edges of the image (**Figure 4A**). The CL investigations were performed under the same experimental conditions as for the plastically deformed sample. The mono-CL images, recorded at the energies of the band-to-band transition and of the D4 and D2 dislocation luminescence bands (**Figures 4B, 4C and 4D**, respectively), show the spatial distribution of the extended defects caused by the re-crystallization procedure. A local anti-correlation between the band-to-band transition and the D line luminescence bands can be inferred from the mono-CL images. This is supported by the CL spectra (**Figure 4E**) which were measured at sample positions 1, 2 and 3 (cf. **Figure 4A**) in spot mode of the electron beam. From the ccEBSD investigations performed as a line scan in front of the re-crystallization track (white line in **Figure 4A**), the local strain tensor components along the line scan could be determined (**Figures 4F and 4G**). It was proven, that within the statistical error, the values do not depend on which particular Kikuchi pattern was used as the reference pattern if this pattern is situated in a region where the band-to-band transition is dominant. The dislocation related electronic transitions appear when the sum of normal strains Tr(ε) exceeds a value of 5 x 10^-4^. Because Tr(ε) is not equal to zero for the scan in a region of about 150 µm length close to the re-crystallization track, there is a mean lattice dilation in a volume near to the sample surface. According to the linear theory of elasticity, the normal stress σ~33~ is equal to zero as presupposed in the evaluation program \"ccEBSD\". If there is a crack on the EBSD line scan, then a ccEBSD evaluation cannot be performed over the whole scan with one reference pattern due to abrupt variations of the Kikuchi pattern caused by the geometrical effects of the crack.

What can be achieved in principle by the experimental methods described for the investigation of structural, optical and electrical properties of grain boundaries in Si is shown in **Figure 5** for a Si bi-crystal of p-type doping with a Boron concentration of 10^17^ cm^-3^. The conventional EBSD map yields the full information on the crystal orientation at each point of the map where only the indexing of the Kikuchi pattern is performed immediately after the pattern acquisition by the acquisition software. Additionally, also the type of grain boundaries can be displayed by the conventional EBSD data managing program (**Figure 5A**). For the detection of a LAGB, a critical angle has to be defined for the misorientation of the crystal lattice at two adjacent measuring points. A minimum value of 1° was proven to be appropriate. For the LAGB indicated in the EBSD map, the misorientation angle is 4.5°. The EBIC-image of the same sample area (**Figure 5B**) was measured at RT. The incoherent Σ3 grain boundaries and the LAGB appear here as dark lines. This effect is caused by the locally increased carrier recombination. From the contrast profile of the EBIC signal across the LAGB (cf., **Figure 5H**), a diffusion length of (60 ± 12) µm and a recombination velocity of (4.1 ± 0.4) x 10^4^ cm sec^-1^ were determined for the minority charge carriers in the framework of the model by Donolato^14^. The single dark points in the EBIC image, spread over the entire sample surface and concentrated especially in the vicinity of the LAGB, indicate the positions of threading dislocations. In CL imaging investigations at 4 K, the LAGB appears dark in the mono-CL image at band-to-band transition energies (**Figure 5C**), as expected, but surprisingly also in a mono-CL image at the energy of the D4 band (**Figure 4D**) which is usually assigned to dislocations. However, the LAGB looks bright in a mono-CL image at a wavelength of 1,530 nm corresponding to the D1/D2 luminescence bands (**Figure 5E**). This luminescence behavior is believed to be induced by point defects in the neighborhood of the dislocations constituting the LAGB. Additionally, the ccEBSD procedure was performed as a line scan across the LAGB to determine its local strain field. The electron beam acceleration voltage was reduced to 10 kV to increase the spatial resolution for the strain determination at the expense of an increased total acquisition time for each Kikuchi pattern. The normal and the shear strain components, shown in **Figures 5F and 5G**, respectively, cannot be calculated for the center region of the LAGB (over about 50 nm) because double patterns appear that prevent an analysis of the Kikuchi patterns. Moreover, the EBSD patterns on both sides of the LAGB have to be correlated with two different reference patterns because the cross-correlation method can only be applied for small variations of the diffraction pattern. So, two reference patterns were collected on the left hand side and on the right hand side of the LAGB due to the large misorientation angle between the two sub-grains. Nonetheless, it is exciting that the strain components behave symmetrically on both sides of the LAGB. The diagrams for the position dependence of the strain components show that the range of the strain field of the LAGB extends to about 350 nm into both sub-grains. On the contrary, the diagram of the locally varying contrast in the band-to-band transition mono-CL image, and of the EBIC signal contrast in the EBIC image (**Figure 5H**), indicates that the influence of the LAGB on the luminescence signal and on the EBIC signal ranges up to ± 10 µm and ± 1.5 µm from the center of the LAGB, respectively. This verifies the statement from the beginning that the local resolution for the investigation of different properties of extended defects strongly depends on the experimental method and parameters applied.

**Figure 1. Set Up for CL, EBIC and ccEBSD Measurements.** (**A**) SEM with field-emission gun, different apertures for imaging and analysis, the sample on the cryo-sample holder, the CL light-collecting mirror, the monochromator and the IR-PMT for the infrared light, (**B**) Schottky contact of the sample for EBIC investigations and (**C**) set-up for the formation and storage of a Kikuchi pattern which can be analyzed numerically to get information on the crystal orientation as well as on crystal lattice distortions by ccEBSD. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/53872/53872fig1large.jpg)

**Figure 2. CL Spectral and Imaging Investigations on a Plastically Deformed Silicon Single Crystal.** (**A**) Silicon samples on indium foil positioned on the cryo-sample holder. (**B**) The CL-spectra measured for a high purity Si single crystal (virgin), for a plastically deformed sample, and after additional annealing. The characteristic transitions in the spectra are labeled as usual with B-B for a band-to-band transition, and D1 to D4 for dislocation induced luminescence bands. (**C**) Slip lines on the surface of the deformed Si crystal (marked by red arrow in **Figure 2A**) imaged by back-scattered electrons (BSE). These results show plastic deformation for different slip systems. In **Figures 2D and 2E**, the mono-CL images for the D4 line and D3 line are shown, respectively, with each measured for the same sample region below that shown in the BSE-image (**Figure 2C**). [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/53872/53872fig2large.jpg)

**Figure 3. Images Visualizing Steps in the Course of ccEBSD Analysis.** (**A**) Full Kikuchi pattern from actual sample position with sub-pattern. (**B**) One of the sub-patterns and (**C**) its filtered Fourier transformation. (**E**) The corresponding sub-pattern from a reference position on the sample and (**F**) its filtered Fourier transformation. (**D**) The cross-correlation function (CCF) calculated from the Fourier-transformations of the sub-pattern. The brightness of the CCF was increased by 20% to visualize the details. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/53872/53872fig3large.jpg)

**Figure 4. CL and ccEBSD Investigations for a Si Wafer After Re-crystallization.** (**A**) BSE image from the surface of a Si wafer with a track of re-crystallized material after treatment by a high-energy electron beam. Positions of spots 1, 2 and 3 for CL spectral investigations are marked as well as the line with direction arrow where the ccEBSD scan was performed. (**B-D**) Mono-CL images of the sample region shown in (**A**), taken at the energetic positions of the band-to-band transition (**B**), D4 (**C**) and D2 (**D**) luminescence band. (**E**) CL spectra measured at the spots 1, 2 and 3. The normal (**F**) and the shear strain components (**G**) along the line scan in (**A**), calculated from ccEBSD investigations. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/53872/53872fig4large.jpg)

**Figure 5. EBSD, EBIC, CL and ccEBSD Investigations on a Silicon Bi-crystal with HAGBs and LAGB.** (**A**) EBSD orientation map on a Si bi-crystal with twin grain boundaries in yellow and a LAGB in black. The orientation of the normal of the grain surface is indicated. (**B**) EBIC image at RT of the sample area in (A) where coherent (yellow arrow) and incoherent (blue arrow) twin grain boundaries are indicated. (C-E) The mono-CL images at energies of B-B (**C**), D4 (**D**) and D1/D2 (**E**) belong to the LAGB region which is marked by a red rectangle in the EBIC image (**B**). The normal (**F**) and the shear strain components (**G**) calculated from ccEBSD investigations across the LAGB. (**H**) Comparison of the contrast found in the B-B mono-CL image at 4K and in the EBIC image at RT across the LAGB. Please note the different scaling on the x-coordinate in the strain component diagrams and in the CL- and EBIC-contrast diagram. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/53872/53872fig5large.jpg)

Discussion
==========

The SEM offers the possibility to locate extended defects in the semiconductor material as well as to characterize their structural, optical and electrical properties by the application of ccEBSD, CL and EBIC investigations. In general, it is not possible to perform all three methods simultaneously on the same sample. However, a combination of results obtained by the different complementary investigation methods, when performed in a reasonable sequence, leads to a deeper understanding of the physical nature of the effects caused by extended defects.

For the CL measurements giving information on the optical properties of extended defects, a critical step in the protocol is the sample positioning procedure (step 1.6) due to undesired annealing of defects in the sample during the heating of the indium foil (which ensures a good thermal and electrical contact of the sample with the sample holder). An alternative to the procedure proposed is to mount the sample onto the sample holder by conductive silver paste at RT. However, from experience it is known that the organic solvent in the paste can cause carbon contamination on the sample surface during the scan in the SEM. The contamination degrades the quality of the CL images as well as of the EBSD diffraction patterns. Additionally, the step 4.21 requires special attention, where an abrupt rise of the luminescence intensity of silicon can occur during the cooling-down of the sample. This can harm the performance of the photomultiplier. On the contrary, for the case of unexpected low luminescence intensity for the actual sample, one should try to improve the adjustment of the light-collecting mirror (protocol No. 4.23) because the preliminary mirror alignment was performed on a test sample at RT in a slightly different range of wavelength.

Concerning instrumental limitations of the method, one has to take into account that at very low temperatures the stage with the sample can be moved only by ± 5 mm in the x- and y-directions which restricts the area of the samples under investigation. This limitation is due to the danger of brittle fracture of the He transfer tube. The sample dimensions for cryo-experiments given in 1.1 and 1.2 are also limited by experimental conditions. So the surface area of the samples should be adjusted to the size of the sample holder to ensure an optimal thermal contact on the heat sink. The low recommended thickness of the silicon samples limits the temperature gradient in the sample for the cryo-experiments. For a sample thickness of 200 µm, the temperature in the center of the interaction volume for the primary electrons in the surface region was found to be increased by less than 5 K in comparison to the temperature measured at the surface of the sample holder. The high scan speed and the low magnification proposed only for the cool-down procedure in steps 4.5 and 4.17, ensure that the region of interest is kept clean. This is because of the heat transfer by the scanning electron beam which maintains a temperature always slightly above the temperature of the rest of the sample regions which act as condensation trap for residual gas in the SEM chamber. Generally, all the parameters listed in step 4.24 for CL spectroscopy are optimized for the measurement of the so called D line luminescence in bulk silicon by the experimental set up according to the equipment list. The parameters have to be adapted if investigations of the luminescence are to be carried out on other semiconductor materials.

Independent of the energy range of the luminescence observed, a further limitation of the CL measurements results from the light-collecting mirror because light coming from radiative recombination processes in the whole recombination volume is collected by the mirror and thus determines the grey value of the corresponding CL image pixel which is assigned to the position of the electron beam on the sample surface. Because the diameter of the recombination volume (which is comparable to the excitation volume) is larger than the pixel size even at low magnification, this effect causes a spatial smearing of the luminescence signal, and, therefore, limits the spatial resolution. Nevertheless, the CL investigation enables an imaging of the local distribution of mono- or panchromatic luminescence with a medium spectral resolution and could be combined with photoluminescence investigations to give a higher spectral resolution. Recently, as an alternative experimental method to CL measurements, a microscopic and spectroscopic mapping of dislocation related photoluminescence was proposed by the group of Tajima and co-workers^26^. The spatial resolution of the photoluminescence mapping is clearly lower than in CL images, but the photoluminescence investigations additionally allows the polarization of the deep level emission band correlated to dislocations to be determined in LAGBs with twist and tilt structures^27,28^.

In the case of EBIC investigations, which give insight into the electrical properties of extended defects, there are no alternative methods for the imaging of the locally varying charge-collection efficiency in semiconductor materials with a comparably spatial resolution. However, also for EBIC measurements, critical steps are included in the protocol. So in step 5.13, the variation of the EBIC image with decreasing temperature is expected to arise from the temperature dependent properties of the extended defects. However, the quality of the contacts can change at temperatures below RT and hence influence the EBIC image. Temperature affects the Schottky contact, made with an appropriate layer of Al in the case of p-type and with Au in the case of n-type silicon, because of the different coefficients of thermal expansion separating the contact layer from the silicon substrate. Furthermore, the ohmic contact made by a gallium-indium eutectic is not stable at temperatures below 160 K. Normally, the reduction of the contact quality leads to a strongly decreased EBIC signal for large areas. In this case, the contacts have to be renewed. For EBIC investigations at RT, it is also conceivable that the contacts for the EBSD measurements can be made by bonding the sample to an appropriate carrier board. Another instrumental limitation of EBIC measurements is caused by the protruding of the contact tip holders above the sample surface. To prevent a collision between the contact tip holder and the pole piece of the SEM the WD should be at least 15 mm.

In the experimental procedure for ccEBSD investigations which can be used to estimate the long-range strain field of extended defects, the following steps are critical. The most challenging part of the experiment is the sample preparation, especially the last polishing procedure (protocol No. 3.1) which has to be performed carefully to avoid the generation of additional surface defects. If no Kikuchi pattern can be obtained, often the quality of the sample surface is not sufficient. However, from silicon single crystals with slip lines on the surface after plastic deformation, a good diffraction pattern could be obtained which was well suited for the ccEBSD evaluation procedure. The surface roughness of these samples was analyzed by atomic force microscopy yielding a height variation in the range of up to 500 nm. Therefore, extremely high internal strains or amorphous surface layers seem to be responsible for blurred diffraction patterns rather than the imperfect smoothness of the sample surface. A further issue could be a low signal from the coherently scattered electrons in comparison to the background. Then an increase of the probe current at constant acceleration voltage and/or a more accurate determination of the background signal (protocol step No. 6.12) are helpful. To minimize sample movement during a long-lasting ccEBSD measurement it is recommended to fix the sample mechanically (protocol No. 3.2).

Instrumental limitations for the ccEBSD investigations can arise if the tilt of the sample surface relative to the incident electron beam is realized by the tilt of the stage. There are then strong restrictions for the movement of the sample due to a collision risk with the pole piece and the chamber walls. Furthermore, it is strongly recommended to use only line scans that are parallel to the tilt axis (and thus appear horizontally on the SEM screen), because, first, vertical scans have a large sum error for the internal strains due to the error of sample tilt. Second, during EBSD, the lateral resolution is higher (factor of about 3 for 70° tilt) along the tilt axis than perpendicular to it. The lower limit for the value of the strain tensor components calculated for Si from ccEBSD investigations is about 2 x 10^-4^ which is the random error. Additionally it must be emphasized that the ccEBSD technique cannot be applied in the presence of large lattice rotations (\>4°) referring to the reference point or very close to grain boundaries, where EBSD patterns from different grains overlap. The physical limitation of the ccEBSD investigations concerning the spatial resolution of the strain determination is due to the range of the electron diffraction which was found to be approximately 50 nm along the sample tilt axis. In comparison with X-ray diffraction experiments for the determination of internal strains, this is a clear advantage because of the significantly larger interaction volume of X-rays even in the case of X-ray µ-diffraction. For semiconductor materials, the investigation of perturbations of the isotropic refractive index by a polarscope can also be applied for the determination of internal stresses, but the spatial resolution of this method is lower than some hundred nm^29^. An alternative method for the determination of the spatially resolved three-dimensional strain state in crystals is based on the splitting of higher order Laue zones (HOLZ) lines. This method has to be performed in a transmission electron microscope (TEM) using an electron biprism for electron interferometry^30^. However, in contrast to the ccEBSD investigations in the SEM, the TEM investigation requires the preparation of a foil from the sample that changes the internal strains due to relaxation effects.

In future studies, ccEBSD measurements will also be performed at low temperatures. This will allow the investigation the structural, optical and electrical properties, not only on the same extended defect, but also at the same temperature.
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